Background and Purpose-Language training success in chronic aphasia remains only moderate. Electric brain stimulation may be a viable way to enhance treatment efficacy. Methods-In a randomized, double-blind, sham-controlled crossover trial, we assessed if anodal transcranial direct current stimulation compared to cathodal transcranial direct current stimulation and sham stimulation over the right temporo-parietal cortex would improve the success of short-term high-frequency anomia training. Twelve chronic poststroke aphasia patients were studied. Naming outcome was assessed after training and 2 weeks later. Results-All training conditions led to a significant increase in naming ability, which was retained for at least 2 weeks after the end of the training. Application of anodal transcranial direct current stimulation significantly enhanced the overall training effect compared to sham stimulation. Baseline naming ability significantly predicted anodal transcranial direct current stimulation effects. Conclusions-Anodal transcranial direct current stimulation applied over the nonlanguage dominant hemisphere can enhance language training outcome in chronic aphasia. Clinical Trial Registration-URL: www.clinicaltrials.gov/. Unique identifier: NCT00822068.
T he most frequent symptom in poststroke aphasia is impaired word retrieval (anomia). Training at a sufficient intensity may significantly improve aphasic symptoms, but chronic anomia is relatively resistant to intervention and training adjuvant therapies need to be devised. 1 Excitatory (anodal) transcranial direct current stimulation over left hemisphere areas has been shown to facilitate language learning in healthy subjects and aphasia patients. 1, 2 However, the exact areas that contribute to language relearning success are still controversial, 3 and it remains unclear which brain areas should be facilitated. A recent study implicated right temporo-parietal areas with anomia treatment success. 4 Thus, we explored whether anodal transcranial direct current stimulation of this area can enhance the outcome of high-frequency short-term anomia training. In a randomized, double-blind crossover design, patients also participated in inhibitory (cathodal) transcranial direct current stimulation and placebo stimulation (sham) sessions. We hypothesized that anodal transcranial direct current stimulation would lead to more pronounced treatment gains compared to training under cathodal or sham stimulations.
Materials and Methods
Twelve patients with chronic anomia because of a first-time single left hemisphere ischemic stroke participated. All patients completed a baseline neurological examination and standardized language testing. Supplemental Table I (http://stroke.ahajournals.org) summarizes demographic and clinical sample characteristics. Supplemental Figure I (http://stroke.ahajournals.org) shows the lesion location of the patients. The local ethics committee approved the study and written informed consent was obtained from all patients.
For the anomia training, 45 pictures depicting common objects were individually selected for each patient ("trained objects"). These objects had been named incorrectly 3 times during 3 baseline runs comprising a standardized set of 344 object pictures. The 45 objects were divided into 3 sets of 15 objects matched for several linguistic variables. Patients took part in 3 consecutive training phases, each with a different stimulation condition (anodal or cathodal transcranial direct current stimulation and sham; sequence randomized across patients). During each phase, 1 of the sets was trained. Between stimulation conditions, an interval of 3 weeks was maintained ( Figure 1A ).
For each condition, patients received 2 hours of daily computerassisted naming therapy across 3 consecutive days. Training involved a decreasing cueing hierarchy with 5 difficulty levels that have been shown to be highly effective to improve anomia. 4 Short-term and long-term treatment effects for the 3 conditions were assessed during separate testing sessions in the afternoon of the third training day and 2 weeks after training. During these assessments, the 15 trained object names were probed 4 times in random order without cues. To increase the sensitivity of the score, each correct response was scored as 1 point.
Transcranial direct current stimulation was applied over right temporo-parietal cortex according to Menke et al 4 and centered on Talairach coordinates 57/Ϫ30/3 ( Figure 1C ). Anodal or cathodal transcranial direct current stimulations (1 mA) were administered during the first 20 minutes of each training hour ( Figure 1B) . During sham stimulation, the current was turned off slowly after 30 seconds. Systolic blood pressure, heart rate, and subjective ratings of fatigue, discomfort, or pain were also assessed and no differences between the conditions were found
Statistical Analysis
Main outcome parameter was naming ability for trained objects immediately after training and 2 weeks later (% correct naming). A repeated-measures ANOVA with the factors stimulation and time (immediately after training, 2 weeks later) was conducted to determine short-term and long-term training outcome. Pearson correlations of age, time since stroke, lesion size, and anomia severity (Aachen Aphasia Test naming subtest; baseline naming ability of 344 objects) with training success (anodal or cathodal better than sham) were calculated with Bonferroni corrected significance levels.
Results
Patients significantly improved after the training from 0% correct naming responses at the baseline assessment to a mean of 83%Ϯ22% (Supplemental Table II , http://stroke.ahajournals.org) correct responses after training (effect size pooled across stimulation conditions and short-term and long-term training outcome assessments, Cohen dϭ3.77).
A repeated-measures ANOVA with the repeated factors stimulation and time yielded a main effect of stimulation (F(2,22)ϭ4.23; Pϭ0.05). The effect remained significant after exclusion of patient 8, with the greatest improvement using anodal transcranial direct current stimulation (F(2,20)ϭ5.77; Pϭ0.01). Because there were no significant effects for time, data for short-term and long-term retentions were pooled for subsequent analyses. Post hoc tests revealed better overall improvement in the anodal condition compared to sham stimulation (paired t test, t(11)ϭ2.54; Pϭ0.03; Figure 2 ). There was no significant difference between cathodal and sham stimulations (t(11)ϭ1.14; Pϭ0.28). An exploratory analysis conducted separately for the 2 post-training assessments yielded an additional significant effect for cathodal transcranial direct current stimulation immediately after training (see Supplemental Materials, http://stroke.ahajournals.org). Anodal transcranial direct current stimulation tended to produce more pronounced effects than cathodal transcranial direct current stimulation (T1: t (11) 
Discussion
Our results demonstrate that short-term high-frequency anomia training has a large effect on naming ability in chronic aphasia that was maintained for at least 2 weeks. Anodal transcranial direct current stimulation, applied over the nonlanguage dominant hemisphere, further improved language training outcome at both assessment points. Consistent with previous reports, 5 the beneficial effect of anodal transcranial direct current stimulation cannot be explained by unspecific arousal differences, because autonomic responses and mood ratings were comparable across stimulation conditions. Cathodal transcranial direct current stimulation, which reduces intracortical excitability in neurophysiological studies, resulted in a weaker and less consistent effect that was not maintained.
Only 1 group study so far addressed transcranial direct current stimulation effects on treatment-induced recovery and found improved naming ability after anodal transcranial direct current stimulation applied over perilesional areas in relatively well-recovered anomia patients. 1 However, in line with our own previous functional MRI study, upregulation of right hemispheric homologues of "classical" language regions might be crucial in aphasia patients with only partial recovery. 4 This hypothesis was supported by the fact that patients with more severe anomia showed more pronounced gains after anodal transcranial direct current stimulation, and at least 1 of the 2 more severely affected patients in the study by Baker et al 1 did not show improvement after left frontal stimulation. However, this does not preclude the possibility that patients with less severe aphasia in our study may have benefited from left-side stimulation as well. The question of whether left perilesional areas, or homologous areas of the right hemisphere, are more crucial for recovery can be addressed only in a study that directly compares anodal transcranial direct current stimulation effects of these areas.
Conclusions
In summary, transcranial direct current stimulation represents a promising new tool to enhance treatment effects, can easily be administered during behavioral treatment, and is less expensive and aversive than repetitive transcranial magnetic stimulation. 5 Based on these promising results, implications for clinical practice should be ascertained in larger multicenter trials. Moreover, the current study suggests that baseline naming ability, but not overall lesion size, significantly predicted anodal transcranial direct current stimulation effect. However, predictors for a favorable response to this type of stimulation remain to be more thoroughly delineated (see Supplemental Materials for additional Methods, Results, and Discussion, http://stroke.ahajournals.org). 
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Patients
Twelve patients (five women; mean age: 52.3 years, range 39-67) with chronic aphasia and anomia due to a single first time left hemisphere ischemic stroke were included. None of the patients had a stroke in the right hemisphere (see Supplemental Figure 1 ). All patients have been right-handed prior to the stroke 1 and native German speakers. Standardized language testing was performed using the Aachen Aphasia Test (AAT). 2 Patients with severe apraxia of speech were excluded from the study. The study was registered under ClinicalTrials.gov (NCT00822068) and conducted in accordance with the Helsinki declaration.
Lesion size was determined by drawing lesion masks on the patients' high resolution T1-weighted MRI scans that were acquired in the context of the present study and available for 10 of the patients (see Supplemental Figure 1B) . Afterwards, the scans and lesion masks were normalized using unified normalization in SPM5. 3 The number of voxels in the respective normalized masks was then used to create a lesion overlay plot (Supplemental Figure 1A ) and to determine lesion size. No recent high resolution MRI scans were available for two patients (patients # 5 and 8). For one of these patients (#5) a lesion mask was drawn on a standard MRI template by an experienced neuroradiologist based on a CT scan acquired in the chronic stage (Supplemental Figure 1C) . This allowed us to estimate lesion size. However, as the latter procedure is less accurate than determining lesion size on high-resolution MRI scans, subsequent analyses involving lesion size as a variable are reported with and without this patient. For patient #8 only a T2 weighted scan from the postacute stage was available (Supplemental Figure 1C) . As the patient is suffering from claustrophobia and was not willing to participate in an additional MRI scan, no recent lesion information from the chronic stage was available. However, the clinical history, as well as the neurological evaluation conducted for the present study, did not reveal any evidence for further stroke events. As no reliable estimate of lesion size was possible for patient #8, the patient was excluded from the analyses involving lesion size.
Details of the training procedure
For pragmatic reasons (i.e., cross-over design involving three training and stimulation sessions for each patient) we used a shortened version of an anomia training protocol that had successfully been used to treat naming impairments in chronic aphasia patients in prior studies (see [4] [5] [6] for detailed descriptions of the protocol). In the present study the training involved two hours daily computer-assisted naming therapy across three consecutive days.
Training followed the method of "vanishing cues" and involved a decreasing cueing hierarchy with five difficulty levels. At level one (easiest level), pictures were cued with the spoken and written word form (i.e., repeating) until the patient scored >80% correct responses. At level two, pictures were cued with the first two phonemes and graphemes, at level three with the first phoneme and grapheme only. The first grapheme only was presented at level four. Object naming without cues was required at level five (target level).
Whenever performance was lower than 80 percent correct (levels 2-5), a training block at level one was interspersed to provide patients with the complete visual and auditory target word forms. The training was supervised by a speech-and language therapist, who scored each patient's response. Two one-hour training sessions were administered in the morning of each training day, separated by a short break. Each session comprised five training blocks, with 60 naming trials, respectively. Each of the 15 trained objects occurred with a high repetition rate during each block (four trials/object; four different object tokens) to promote stable long-term memory consolidation ( Figure 1B ).
Prior to, in the middle, and immediately after each daily training session, systolic blood pressure, heart rate, and subjective ratings of fatigue, discomfort, or pain using visual analogue scales (range 1-10, 10= highest level of discomfort) 7 and the Positive and Negative Affect Scales (PANAS) 8 were assessed. After the end of the study, patients were asked to identify the respective stimulation sessions.
Training materials
The three sets of object names (15 each) selected for each patient (see Supplemental Table 3 for a list of stimuli for each patient and stimulation condition) were taken from a standardized picture corpus. 6 The stimuli that were used in the three respective stimulation conditions for each patient were matched for word-length (number of syllables), wordfrequency (Leipziger Wortschatz), name agreement, ratings of "how good of an exemplar the respective picture is for a given word" and semantic categories using ANOVAs or Chisquare tests as appropriate. No significant differences between the three sets were found for all patients (all p> .05). At the start of each training hour, either anodal or cathodal tDCS (1 mA) was delivered for 20 minutes. Initially, the current was increased in a ramp-like fashion, eliciting a transient tingling sensation on the scalp that fades over seconds. 10 The respective stimulation conditions currents were subsequently turned off slowly out of the field of view of the patients, a procedure that does not elicit perceptions. 10 Thus, the patients were blinded for the respective condition. The language training continued after the end of the 20 min.
stimulation. During sham stimulation, the current was turned off after 30 seconds. Stimulation was administered by an investigator neither involved in the training nor in data analysis.
TDCS conditions were separated by more than 7 days (in the present study by 3 weeks), to avoid any carry-over effects of the stimulation.
11
Additional statistical analyses
Normal distribution of all dependent variables was ensured (Kolmogorow-Smirnov test) and log transformations performed if appropriate.
Even though the factor TIME did not reach significance, we conducted an exploratory analysis separately for the two time points (immediately after training, two weeks after the end of the training). Specifically, paired t-tests were used to explore the effects of anodal and cathodal stimulation compared with sham stimulation for each time-point.
To assess unspecific arousal effects, a repeated measures ANOVA (ANOVA RM ) was used to test the influence of the repeated factors TRAINING DAY, TIME beginning/middle/end of session and STIMULATION on systolic blood pressure, diastolic blood pressure, heart rate, as well as fatigue, discomfort, or pain and the positive and negative mood ratings (PANAS) over the course of the training days. Greenhouse-Geisser corrections were used for within-subjecteffects. STIMULATION differences were analyzed with post-hoc paired t-tests, as appropriate. Significance level was set to p≤0.05.
Supplemental Results
Exploratory analysis of the impact of assessment point
Anodal tDCS resulted in more pronounced improvements compared to sham stimulation at both assessment points (all t(11)'s >2.2, all p's<.03)). In addition, cathodal tDCS resulted in more pronounced gains compared to sham immediately after training (t(11)=2.4, p=.02), however, this effect was not maintained at the follow-up assessment (t(11)=.13, p=.44). While the effect of atDCS was negatively correlated with aphasia severity (please see main manuscript), no correlations were found for the effects of ctDCS immediately after training or two weeks later.
Impact of arousal
Blood pressure and heart rate were comparable across the three stimulation conditions, as indicated by the non-significant effects for the factor STIMULATION in the respective ANOVA. Discomfort (due to the headband), pain, and fatigue were negligible in all patients (range between 1 and 2 out of 10), and comparable in the three STIMULATION conditions.
Positive and negative mood ratings were not significantly different across the three STIMULATIONs. No participant was able to distinguish between the stimulation conditions.
Impact of the lesion
Lesion size was not correlated with baseline naming ability or overall aphasia severity 
Supplemental Discussion and Limitations
The training paradigm we used in the present study comprised a shortened version of an anomia training developed in our workgroup which has been shown to be highly effective to improve word-retrieval difficulties in chronic aphasia patients in several recent studies. [4] [5] [6] However, in contrast to previous studies that administered the training over 10 consecutive workdays, we used a shortened version comprising six hours of training spread across three consecutive days. For the within-subjects cross-over design we used it was crucial to implement a time-frame that would be acceptable for the patients, and that would allow to test the same number of matched words in each of the three conditions (anodal vs.
cathodal vs. sham). Even though the intervention period in the present proof-of-principle study was short, the frequency was high and the number of hours per week was within the range required for successful behavioural interventions. [12] [13] Indeed, naming performance improved in all training phases (on average 83% improvement across all conditions) and even during the sham stimulation condition (79±26% above baseline) which corroborates the effectiveness of such a short-term high-frequency training approach. However, future studies should use more stimuli which is only possible with more extended training periods to achieve a high repetition rate for each training stimuli and to increase the clinical relevance of the training. Moreover, we only selected stimuli that could not be named correctly three consecutive times by the patients prior to the training. This allowed us to carefully match the training stimuli and to compare the effects of the three stimulation conditions (i.e., the main aim of the study). However, at the same time, such a low baseline score may bias the actual treatment effects towards larger treatment gains. In addition, even though there was high consistency across three baseline runs, future studies may be advised to collect a larger number of pre-treatment probes to further reduce the possibility of random performance fluctuations.
We hypothesized that atDCS would lead to more pronounced treatment gains than ctDCS or sham stimulations. This hypothesis was confirmed for atDCS vs. sham in the ANOVA (see main manuscript) and the subsequent post hoc analyses: Here, it was found that atDCS induced significantly more pronounced effects when compared to sham stimulation (pooled effect and separately for both time points). However, trends were also seen for the comparison between anodal vs. cathodal stimulations (marginally significant at T2). In an exploratory analysis, more pronounced gains were found for ctDCS when compared to sham immediately after training. However, these gains were less pronounced and more variable than the effects of atDCS, were not maintained two weeks after treatment, and no overall effect (pooled analysis) was found (see Figure 2) . It is possible that in some patients, inhibition of right hemispheric brain areas may have resulted in improved functioning (presumably by reduced interference with left hemisphere perilesional activity). 14 This may have been the reason for the transient positive effects of ctDCS in some of the patients, which explained the overall effect of ctDCS immediately after training.
However, please note that in several previous studies that tried to modulate language functions, only effects of anodal but not cathodal tDCS were found [15] [16] [17] . Those studies that showed a significant inhibitory action by cathodal tDCS [18] [19] [20] stimulated with >1 mA (in the present study, we decided on 1 mA for safety reasons; previous studies 11, 17 in stroke patients had not used higher intensities up to the start of our study). This might explain the overall negative effect of ctDCS in our study (pooled analysis).
One previous study found a significant effect of ctDCS in aphasia patients, 19 namely, 1 Percentage of correctly named objects across the three baseline testing runs using the larger standardized set of 344 objects (correct = objects that were named 2 or 3 times correctly during the three runs)
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